Introduction
[2] Wildfires are one of the most important factors affecting atmospheric constituency, and accurate estimates of their emissions are critical to modeling many atmospheric chemistry and climate-related processes [Andreae and Merlet, 2001] . Emissions are usually estimated by multiplying the dry mass of vegetation burned by an emission factor EF a , representing the amount of chemical species a released per kg of dry matter consumed. Biome-specific emissions factors (EFs) are widely published [e.g., Yokelson et al., 1999; Wooster et al., 2011] and intermittently summarized in global databases [e.g., Andreae and Merlet, 2001; Akagi et al., 2011] . With improving global estimates of amounts of vegetation consumed in wildfires, the accuracy of wildfire emissions estimates is increasingly limited by our knowledge of EFs [van Leeuwen and van der Werf, 2011; Wooster et al., 2011] .
[3] Individual EFs are often determined using the carbon mass balance technique of Ward and Radke [1993] , based on emission ratios of the target gas (a) in the smoke with respect to CO 2 (ER a/CO2 ). Emission ratios themselves are generally based on excess mixing ratio measures (e.g., ΔX a and ΔX CO2 ) made during laboratory burns or field campaigns, but the former can be less representative of open landscape fires, and the latter biased towards easier-to-measure fires and often only at ground level [van Leeuwen and van der Werf, 2011; Wooster et al., 2011] . Airborne platforms [e.g., Yokelson et al., 1999] can alleviate some limitations, but can be costly and complex to deploy. An ability to derive ERs from spaceborne spectroscopy would thus offer many benefits, including measurement at remote locations and of intense burns and strongly-lofted plumes.
[4] Airborne and ground-based IR spectroscopy has been widely used to derive wildfire emissions ratios [e.g., Yokelson et al., 1999; Wooster et al., 2011] , but only Coheur et al. [2009] and Worden et al. [2013] have derived them from spaceborne spectroscopy. Both used thermal IR (TIR) spectra, and in Coheur et al. [2009] wildfire ERs for ammonia (NH 3 ), ethene (C 2 H 4 ), and methanol (CH 3 OH) were determined with respect to carbon monoxide (CO). However, CO 2 and CH 4 were not retrieved despite being two of the main biomass-burning products, probably because the TIR spectrometer has little sensitivity to the boundary layer where many wildfire plumes remain.
[5] Retrievals of total column CO 2 and CH 4 mixing ratios from satellite remote sensing in clear skies are reasonably long-standing [e.g., Kobayashi et al., 1999] , and the Greenhouse Gases Observing SATellite (GOSAT) has been designed to measure these using high-resolution SWIR spectroscopy with boundary layer sensitivity [Buchwitz et al., 2004] . Although aerosol-laden atmospheres can result in retrieval errors from GOSAT [e.g., Boesche et al., 2009] , an "aerosol robust" scheme for methane based on the ratio of retrieved CH 4 and CO 2 columns has now been developed and applied to GOSAT [Frankenberg et al., 2005; Parker et al., 2011] . These developments make GOSAT a potential tool for the spaceborne measurement of wildfire CH 4 to CO 2 emission ratios, even in plumes with high aerosol loads. However, the sparse sampling pattern usually employed by GOSAT (see section 4) means that actually finding spectra containing wildfire plumes is challenging.
[6] In this study, we (i) assess the likely accuracy of GOSAT estimates of ΔX CO2 , ΔX CH4 , and ER CH4/CO2 using forward modeling of SWIR spectra as observed in a range of atmospheres and "typical" wildfire plumes, (ii) describe the techniques developed to screen the GOSAT data archive for observations containing plumes, and (iii) use the knowledge gained to calculate the first wildfire ER CH4/CO2 values using spaceborne measurements. (TANSO-CAI) [Hamazaki et al., 2007] . TANSO-FTS operates in four bands: three in the SWIR (around 0.76, 1.6, and 2.0 μm); and one wide TIR band (5.5-14.3 μm), all with high (0.2 -0.5 cm À1 ) spectral resolution. The FTS field of view (FOV) has a~10.5 km diameter, and in the high SNR observation pattern most commonly employed, three exposures are made at each point with~260 km between points in either direction [Kuze et al., 2009] . TANSO-CAI is a four band imaging radiometer (0.380, 0.675, 0.870, and 1.600 μm) used to map cloud and aerosol characteristics [Kuze et al., 2009] .
GOSAT Retrievals
[8] We use retrieval results from the SWIR trace gas retrieval algorithm originally developed for retrieval of X CO2 from the NASA Orbiting Carbon Observatory (OCO) [Boesch et al., 2006 [Boesch et al., , 2011 , now modified to retrieve both X CO2 and X CH4 from TANSO-FTS SWIR spectra recorded over land [Parker et al., 2011; Cogan et al., 2012] .
Simulations of GOSAT TANSO-FTS Spectra
Affected by Wildfire Plumes [9] To assess the potential of using GOSAT retrievals of X CO2 and X CH4 to infer ER CH4/CO2 in the presence of wildfire plumes, we conducted forward modeling of SWIR spectra for a variety of plume situations. Five parameters were varied over ranges consistent with medium to large wildfires reported by other studies, notably Kahn et al. ; maximum excess CO 2 at the plume center (10, 50,150, and 500 parts per million, ppm); aerosol optical depth at 0.76 μm (AOD; 0.1, 0.3, 1.0, and 2.0); and the proportion of black carbon in the aerosol (10% and 50%). Two different biomes were also simulated by using ER CH4/CO2 values of 0.00361 mol mol À1 (savanna fires) and 0.011 mol mol À1 (boreal forest fires) [Akagi et al., 2011] .
[10] From these scenarios, we built 1024 20-level atmospheric profiles by assuming excess CO 2 , CH 4 , and smoke aerosols were normally distributed vertically around the plume's mean height, with a standard deviation of half the plume width. We also filtered out results where plume width equalled or exceeded 0.5 km and excess CO 2 was 500 ppm, since this situation is unlikely in reality. The resulting atmospheric profiles were used with the OCO retrieval algorithm's forward model to generate SWIR spectral radiances, spectrally degraded to simulate TANSO-FTS observations. We processed the simulated spectra through the GOSAT retrieval algorithm to retrieve CO 2 and CH 4 columns, together with a multiplicative scale factor for the water vapor profile, an additive shift to the temperature profile, the surface albedo, and its spectral slope. The a priori for the atmospheric CO 2 and CH 4 profile was taken as the unperturbed (no plume) case, and no aerosol was included in the retrieval. For simulations where AOD ≤ 1.0, the calculated emission ratios match those used in the forward modeling very well. For more opaque plumes (AOD = 2.0), the errors introduced by the thick aerosol layer remain significant, although when plumes with a height of 5 km are excluded, the calculated ratios again match the true ratios well (blue and orange dotted lines).
[11] We compared "retrieved" ΔX CO2 and ΔX CH4 to the "true" values from the simulations (see electronic appendix). For low aerosol loads (AOD ≤ 0.3), the retrievals reproduced "truth" very well (e.g., 95% of ΔX CO2 retrievals lie within 1.2 ppm of truth). For AOD = 1, errors increase somewhat (95% within 4.6 ppm), and when AOD = 2 become much more significant (95% within 21.4 ppm). Although the errors in the most aerosol-laden plumes appear rather large, because the GOSAT CO 2 and CH 4 retrievals are made at very similar wavelengths (1.61 μm and 1.65 μm), the aerosol impacts and resulting errors are actually very similar for both gases [Butz et al., 2010] , thus tending to cancel out in the ratio-based ER CH4/CO2 calculation. Plotting ΔX CH4 against ΔX CO2 to determine ER CH4/CO (as per Yokelson et al. [1999] ) for different AOD values therefore provides a retrieved ER CH4/CO2 very close to the true ER CH4/CO2 used in the simulations, at least where AOD ≤ 1 (all results within 2.7%, Figure 1 ). For AOD = 2, the ratios do differ substantially, but excluding simulations with the highest plumes (>5 km) brings the retrieved ER CH4/CO2 into good agreement with the true values (shown by dotted lines in Figure 1 ). Few wildfire smoke plumes reach 5 km altitude [Kahn et al., 2008] , and few show 0.76 μm AOD >> 1 far downwind of fires where the TANSO-FTS footprint typically falls [Eck et al., 2003 ], so we conclude that it may be possible to determine ER CH4/CO2 from wildfire-plume TANSO-FTS spectra with reasonable accuracy.
[12] Modeling also suggests that, since satellite-derived ERs are based on total-column excess amounts rather than point-based measures, they may be less sensitive to errors introduced by mixing between different ambient air masses [Yokelson et al., 2013] .
Identifying FTS Exposures Containing Wildfire Smoke Plumes
[13] We obtained TANSO-FTS and -CAI Level 1B data from the GOSAT User Interface Gateway, but since FTS observes only~0.2% of Earth's surface every three-day repeat cycle actually finding exposures containing wildfire plumes is challenging. To aid efficiency, but still sample the key wildfire biomes of Akagi et al.
[2011], we limited our search to the 2009-2011 annual fire seasons in northern and southern Africa and Australia ("savanna"), Amazonia and Indonesia ("tropical forest") and Canada and the unusually large 2010 Russian wildfires ("boreal forest").
[14] We first plotted each FTS FOV on a matching "widearea locator" CAI color composite (RGB = bands 4, 3, and 1) to gauge whether it contained wildfire smoke or cloud (Figure 2a) . Although smaller CAI-based "locator images" are already available for some FTS L1B data, they only show the area immediately surrounding the FTS FOV, making it slow to classify multiple exposures and hard to assess whether wildfires are the source of observed aerosols.
[15] To further aid confident plume identification, we overlaid the matching MODIS MYD14 active fire locations [Justice et al., 2002] on the CAI scene (Figure 2a) . We also output daily locations of the CAI scenes, FTS exposures, and MODIS active fires as KML files, enabling "Google Earth" to be used to identify dates and locations where FTS FOVs lie close to wildfires without needing to download and review every 120 megabyte CAI data set (Figure 2b ).
[16] Finally, TANSO-FTS plume observations identified early on indicated that nearly all showed the characteristics of elevated ammonia mixing ratios (X NH3 ) in the TIR spectra. Therefore, in an approach similar to Clarisse et al. [2009] , we used a simple three-point brightness temperature measure (ΔBT NH3 ) around the ammonia absorption band to identify exposures likely to contain wildfire smoke (see electronic appendix). Clouds can also produce elevated ΔBT NH3 , so it was still necessary to actually view the CAI scene to confirm the cause as smoke, but this enabled large numbers of FTS exposures to be assessed rapidly without reviewing all CAI scenes.
[17] Using these methods, we identified a set of obvious "smoke plume" FTS exposures for Canada, Russia, and the Amazon. We found no such obvious exposures in Africa, Australia, or Indonesia, in the latter case possibly due to the relatively small land area that reduced the number of relevant FTS observations. In Africa and Australia, we attribute this to the lower fuel load of savannas, and the fact that savanna burns often produce less visible plumes with lower aerosol amounts. However, for Africa, we were able to identify exposures having both elevated ΔBT NH3 and lying downwind of fires, even though plumes were not clearly visible in the wide-area locator images. We therefore included these in our smoke plume exposure data set.
[18] To these exposures we applied the retrieval scheme of Parker et al. [2011] for X CO2 and X CH4 , using versions 050050, 080080, 100100, and 110110 of the FTS spectra and v3.2 of the aerosol robust retrieval algorithm, including results that would normally be excluded as "cloudy" based on a comparison of surface pressure derived from the O2 A-Band and the ECMWF surface pressure interpolated to the measurement time and location. Finally, we calculated ΔX CH4 and ΔX CO2 by subtracting the X CO2 and X CH4 retrievals from a nearby (geographically and temporally) cloud-and smoke-free "control exposure" that had converging retrievals, and with X CO2 and X CH4 within 0.5 standard deviations of the mean for the area and season.
Results and Discussion
[19] From a total of 123,218 TANSO-FTS spectra, the above screening identified 114 smoke plume exposures. Part of a wide-area locator image for one of these is shown in Figure 2a , and the complete list is included in the electronic appendix. Of the 114, 36 failed retrieval tests of signal-to-noise and data quality (χ 2 ), and 17 more contained cloud and were discounted. This left 61 smoke plume exposures for our final derivation of ER CH4/CO2 : 28 boreal forest; 9 tropical forest; and 24 savanna.
[20] Every smoke plume exposure lay tens to hundreds of km downwind of the fire itself, and most showed positive ΔX CO2 and ΔX CH4 , including values in excess of +30 ppm for CO 2 and +0.15 ppm for CH 4 (Figure 3) . Although other studies report wildfire plume ΔX CO2 of hundreds or even thousands of ppm [e.g., Riggan et al., 2004; Wooster et al., 2011] , these relate to point-based or short-path measures relatively close to the fire source, not the column averages that GOSAT provides in which the smoke plume represents only a relatively small portion. A small number of exposures show negative ΔX CO2 and ΔX CH4 , mostly in the savanna biome and probably because some do not actually contain wildfire plumes (see section 4). Also, our simulations already indicated that some plume situations can result in apparently negative excess mixing ratios (Figure 1) .
[21] From the data of Figure 3 , we infer wildfire ER CH4/CO2 values of 0.00603 ± 0.00033, 0.00527 ± 0.00029, and 0.00395 ± 0.00029 mol mol À1 for boreal forest, tropical forest and savanna biomes respectively. All ERs are highly statistically significant (significance p < 4.7×10 À6 and 0.93 ≤ R 2 ≤ 0.97) and are also all statistically significantly different from the "normal atmosphere" X CH4 /X CO2 ratio (p < 0.034) and from one another, except for the difference between ER Boreal and ER Tropical (p = 0.188).
[22] The biome-specific ER CH4/CO2 values determined here lie within the ranges reported in Akagi et al. [2011] (0.01101 ± 0.00580, 0.00849 ± 0.00331, and 0.00316 ± 0.00139 mol mol
À1
, respectively) and in the same rank order (ER Boreal > ER Tropical > "clean atmosphere" > ER Savanna ). However, ER CH4/CO2 differences between the biomes are less pronounced than between the median values of Akagi et al. [2011] , possibly because in these large wildfires the fuel types are more mixed than in the smaller-scale burns included in most EF databases.
Summary and Conclusion
[23] Using simulations and actual retrievals, we have confirmed the potential of the GOSAT spectrometer to measure atmospheric trace gas increases in individual wildfire plumes, albeit with some errors introduced by smoke aerosols. We have also shown that, because of the proximity of the CO 2 and CH 4 retrieval wavelengths, these retrievals can be used to calculate ER CH4/CO2 accurately in most situations.
[24] We have identified TANSO-FTS exposures containing wildfire plumes across three key biomes, have observed altered CO 2 and CH 4 mixing ratios in these exposures, and have derived biomass-burning CH 4 to CO 2 emission ratios (we believe for the first time using spaceborne spectroscopy). The use of CO 2 as the reference gas is important, as knowledge of ERs with respect to CO 2 is preferable for the calculation of the EFs necessary to convert wildfire fuel consumption into emissions' estimates [Ward and Radke, 1993] .
[25] Our ERs calculated for boreal forest, tropical forest and savanna fires lie within the ranges reported by prior studies. We therefore conclude that this technique offers promise for improving knowledge of wildfire emission ratios, especially if future spaceborne spectrometers have narrowed FOVs and an ability to target wildfire plumes specifically.
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